Brain-derived neurotrophic factor (BDNF) is expressed in gustatory epithelia and is required for gustatory neurons to locate and innervate their correct target during development. When BDNF is overexpressed throughout the lingual epithelium, beginning embryonically, chorda tympani fibers are misdirected and innervate inappropriate targets, leading to a loss of taste buds. The remaining taste buds are hyperinnervated, demonstrating a disruption of nerve/target matching in the tongue. We tested the hypothesis here that overexpression of BDNF peripherally leads to a disrupted terminal field organization of nerves that carry taste information to the brainstem. The chorda tympani, greater superficial petrosal, and glossopharyngeal nerves were labeled in adult wild-type (WT) mice and in adult mice in which BDNF was overexpressed (OE) to examine the volume and density of their central projections in the nucleus of the solitary tract. We found that the terminal fields of the chorda tympani and greater superficial petrosal nerves and overlapping fields that included these nerves in OE mice were at least 80% greater than the respective field volumes in WT mice. The shapes of terminal fields were similar between the two groups; however, the density and spread of labels were greater in OE mice. Unexpectedly, there were also group-related differences in chorda tympani nerve function, with OE mice showing a greater relative taste response to a concentration series of sucrose. Overall, our results show that disruption in peripheral innervation patterns of sensory neurons have significant effects on peripheral nerve function and central organization of their terminal fields.
Introduction
The developing and adult rodent peripheral gustatory system is highly plastic. The unusual amount of plasticity may be due in part to the normal turnover of taste bud cells (Beidler and Smallman, 1965; Farbman, 1980) , leading to corresponding changes in the receptive fields of gustatory neurons Hill, 1998, 2000) .
The structure and function of the peripheral taste system is also susceptible to a wide array of experimental manipulations, including early prenatal dietary manipulations (Hill et al., 1986; Hill, 1987) and nerve section (Cheal and Oakley, 1977; Cheal et al., 1977; Whitehead et al., 1987; Sollars and Bernstein, 2000; Sollars et al., 2002; Shuler et al., 2004; Guagliardo and Hill, 2007) . For each of these developmentally and experimentally induced changes in the peripheral limb of nerves that innervate taste buds, there are changes in the anatomical and functional organization of their central processes (Zhang and Ashwell, 2001; Mangold and Hill, 2008; Corson et al., 2013) . However, it is not clear whether the central effects are driven primarily by the peripheral alterations.
To address this problem, we used mice in which the neurotrophic factor brain-derived neurotrophic factor (BDNF) was overexpressed embryonically in the tongue, but not in ganglia or centrally. During normal development, BDNF plays a critical role embryonically in directing taste neurons to their target, taste buds Lopez and Krimm, 2006; Ma et al., 2009) . Moreover, BDNF is expressed in both emerging taste buds and in ganglion cells embryonically (Nosrat and Olson, 1995; Nosrat et al., 1996; Huang and Krimm, 2010) and at adulthood (Nosrat et al., 1997; Yee et al., 2003) , indicating its potential life-long involvement in peripheral gustatory system organization. Genetically deleting BDNF or its receptor (TrkB) globally during early development dramatically decreases the normal numbers of taste buds and the number of neurons surviving to adulthood (Fritzsch et al., 1997; Nosrat et al., 1997; Oakley et al., 1998; Oakley, 1998; Patel and Krimm, 2010; Patel et al., 2010) .
In contrast, overexpression of BDNF in nongustatory areas of the tongue during embryonic development produces mice where chorda tympani nerve (CT) axons preferentially and inappropriately innervate filiform papillae Lopez and Krimm, 2006; Ma et al., 2009 ). This ultimately yields fewer taste buds with more than normal numbers of geniculate ganglion cells ) and a hyperinnervation of remaining taste buds (Zaidi et al., 2007) . Because the genetically
Fluorescent anterograde nerve labeling
Procedures used to label three nerves with fluorescent tracers were similar to that described in rat (May and Hill, 2006; Mangold and Hill, 2007) . Briefly, the CT, greater superficial (GSP), and the glossopharyngeal (IX) nerves were labeled in OE (n ϭ 6: 3 males, 3 females) and WT (n ϭ 6: 3 males, 3 females) mice with anterograde tracers to determine the volume and densities of label among gustatory afferent terminal fields in the nucleus of the solitary tract (NTS; Fig. 1 ). All animals were between 3 and 5 months old. Mice were sedated with a 0.32 mg/kg intramuscular injection of Domitor (medetomidine hydrochloride: Pfizer Animal Health) and anesthetized with 40 mg/kg intramuscular Ketaset (ketamine hydrochloride: Fort Dodge Animal Health). A water-circulating heating pad was used to maintain body temperature. Mice were positioned in a nontraumatic head holder (Erickson, 1966 ) and a ventral approach was taken to expose the GSP and CT nerves within the right tympanic bulla. The CT and GSP nerves were cut near and peripheral to the geniculate ganglion in the tympanic bulla and crystals of 3 kDa biotinylated dextran amine were then applied to the proximal cut end of the GSP and 3 kDa tetramethylrhodamine dextran amine was applied to the proximal cut end of the CT (Fig. 1) . A small amount of Kwik-Sil (World Precision Instruments) was then placed over the cut end of the nerves to prevent crystals from diffusing from the site of the intended label. The IX was isolated medial to the tympanic bulla (Fig. 1) . IX was cut peripheral to the petrosal ganglion and placed on a small piece of Parafilm. Crystals of 3 kDa cascade blue dextran amine were applied to the proximal cut end of the IX nerve. All dextran amine conjugates were purchased from Life Technologies. Vaseline and a layer of Parafilm were placed on top of the IX to keep the dextran in place. Animals were then injected with 5 mg/ml intramuscular Antisedan (atipamezole hydrochloride: Pfizer Animal Health) to promote reversal of anesthesia. After 48 h survival, animals were deeply anesthetized with urethane and transcardially perfused with KrebsHenseleit buffer, pH 7.3, followed by 4% paraformaldehyde, pH 7.2.
As previously established in rats (May and Hill, 2006) , we determined in mice that the tracers placed on one nerve did not inadvertently label other nerves, the full complement fibers were labeled as revealed by examinations of the respective ganglia, and the period of survival after surgery was optimal for transport of each anterograde tracer.
Tissue preparation
Brains were removed, postfixed, and the medulla was blocked and sectioned horizontally on a vibratome at 50 m. We chose to section tissue in the horizontal plane because it allows visualization of the entire rostral-caudal and medial lateral extent of the terminal fields in the NTS with the smallest number of sections (ϳ10 sections/mouse). It is also the plane in which the axons branch from the solitary tract and project primarily medially in rodents (Davis, 1988; Whitehead, 1988; Lasiter et al., 1989) . It should be noted that a highly detailed description of the mouse NTS and the projection of the CT to this nucleus and subnuclei have been recently described in coronal sections (Bartel and Finger, 2013; Ganchrow et al., 2014) .
Sections were then incubated for 1 h in PBS containing 0.2% Triton with 1:500 streptavidin Alexa Fluor 488 (Life Technologies) and 1:500 rabbit anti-Cascade Blue (Life Technologies) at room temperature. Streptavidin Alexa Fluor 488 was used to visualize the biotinylated dextran amine-labeled GSP-positive terminals (Fig. 2 B , F, J, N, R, V ) . Rabbit anti-Cascade Blue was used as a primary antibody to detect Cascade Blue-labeled IX terminal fields and was followed with a 1 h reaction with 1:500 goat anti-rabbit Cy5 (Jackson ImmunoResearch Laboratories). This secondary antibody was used to visualize IX nerve terminals (Fig. 2C, G, K, O, S, W ) . Visualization of tetramethylrhodamine, which labeled CT terminal fields, did not require further processing (Fig.  2 A, E, I , M,Q,U ).
Confocal microscopy and analyses of terminal fields
Imaging. Terminal fields were imaged using an Olympus IX70 microscope fitted with a Fluoview version 5.0 scanning system and a 10ϫ objective [UPlanSApo; numerical aperture (NA) ϭ 0.40]. The nerve labels were matched for the wavelengths of the three lasers in the system (argon-ion laser, 488 nm, GSP; helium-neon laser, 543 nm, CT; heliumneon laser, 633 nm, IX). Every 50 m section containing fluorescent terminal field labeling was wet mounted between two coverslips. Sequential optical sections were captured every 3 m for each 50 m section. Images were obtained with settings adjusted so that pixel intensities were near (but not at) saturation. A transmitted light image at 4ϫ (UPlanSApo; NA ϭ 0.13) and at 10ϫ was captured for every physical section containing the labeled terminal field. This permitted an accurate registration of dorsal to ventral brainstem sections among animals using common brainstem landmarks (4ϫ) and identification of NTS borders (10ϫ).
Analyses of total terminal field volume. Methods used to analyze terminal field volumes and densities were described previously in detail (Cor- Figure 1 . Peripheral organization of the gustatory system and the terminal fields of the three nerves that carry taste information from taste buds to the NTS. The chorda tympani nerve (red) carries taste information from taste buds in fungiform papillae on the anterior tongue and the anterior foliate papillae on the posterior tongue to the NTS. The greater superficial petrosal nerve (green) carries taste information from taste buds on the soft palate, the geschmacksstreifen (GS), and the nasoincisor duct in the palate to the NTS. The cell bodies of the chorda tympani and the greater superficial petrosal nerves are in the geniculate ganglia, which is located within the tympanic bulla. The glossopharyngeal nerve (blue) carries taste information from taste buds in the circumvallate papilla and the posterior foliate papillae, both on the posterior tongue, to the NTS. The cell bodies of the glossopharyngeal nerve are located in the petrosal ganglion on the medial edge of the tympani bulla.
son and Hill, 2011; Reddaway et al., 2012) . Briefly, quantification of terminal field volume was achieved through the use of custom ImageJbased software. Each image stack was initially rotated so that the solitary tract was oriented vertically. The border of the NTS was outlined for each physical section through the use of the corresponding transmitted light image and the stack was then cropped to include only the NTS. The maximum entropy thresholder algorithm (Sahoo et al., 1988) was then applied to the pixel intensity frequency histogram for the entire image stack, yielding a binary image stack of the pixels above threshold. A particle analysis was then performed to quantify the pixel area above threshold for each channel. Specifically, the number of pixels above threshold for each optical section was summed by ImageJ, converted into area by multiplying the number of pixels by pixel size (1.38 m ϫ 1.38 m), and then multiplied by 3 m (i.e., distance between optical sections) to determine the volume of each label in each physical section. Volumes from each physical section were summed to yield the total terminal field volume for each mouse. The resultant volume represents an unbiased experimenter measure of the amount of label. In addition, the volume of colocalization between the terminal fields of two nerves (CT with GSP, GSP with IX, CT with IX) and among all three nerves (CT, GSP, and IX) was determined in a similar manner as described for each single label.
We chose to include axons (e.g., the solitary tract) along with the terminal field for all animals in our analyses because of the difficulty in accurately deleting these elements from each optical section (Fig. 2) . Accordingly, the absolute volumes that we show here include the composite terminal field and axons. Because there is no obvious reorganization of nerve tracts between OE and WT mice, we make the assumption that including the solitary tract in our measurements had a similar quantitative effect among groups.
Analyses of terminal field volume and density of labels in dorsal-ventral zones. The NTS was subdivided into X, Y, and Z planes to help identify where terminal field organization of each nerve and the overlaps with other terminal fields occurred. For the medial-lateral and rostral-caudal analyses (X and Y ), the NTS in the horizontal plane was subdivided into uniform grid boxes of 100 pixels ϫ 100 pixels. The grid was aligned relative to the NTS, with the intersection of the most medial and most rostral borders of the NTS as the 0,0 coordinate. The density of terminal field label was calculated in each grid box (100 ϫ 100 pixels) for each physical section by dividing the respective terminal field volume within a grid box by the volume of the portion of the NTS contained within the grid box (i.e., volume of terminal field label/volume of the NTS within the grid box). See Corson and Hill (2011) for a detailed description of this method.
For analyses in the dorsal-ventral planes (Z), we examined the volume of labeled terminal field in four dorsal-ventral zones (Fig. 3) . This type of analyses is similar to what has been done previously in rat (King and Hill, 1991; Krimm and Hill, 1997; May and Hill, 2006; Sollars et al., 2006; Mangold and Hill, 2008; Corson and Hill, 2011) . It should be noted that, like rat, for mouse, the NTS is oriented within the brainstem with the caudal-most portion of the NTS positioned dorsal to the rostral-most portion of the NTS (Ganchrow et al., 2014) . That is, the NTS extends ventrally and rostrally from the caudal-most extent of the NTS. Therefore, the far dorsal zone more accurately represents the dorsal-caudal portion of the field in the NTS and the ventral zone represents the more ventral-rostral portion of the terminal field in the NTS.
In horizontal sections, the far dorsal zone is characterized by the sections where the fourth ventricle occupies the largest medial-lateral extent of all zones, where the solitary tract is only seen in the rostral portion of the NTS, where the anterior extent of the rostral pole of the NTS extends no further than the caudal-most 1/3 of the fourth ventricle, and by a lack of the hypoglossal and facial nuclei (Fig. 3A) . This zone included two consecutive sections for each mouse. The dorsal zone also has the fourth ventricle extending in the medial-lateral plane, but less so than in far dorsal zone. The solitary tract extends nearly the entire rostral-caudal extent of the NTS, the NTS extends more rostrally than found in far dorsal zone, the inferior cerebellar peduncle is located in the lateral portion of the brainstem, extending rostrally to the dorsal cochlear nucleus, and this zone occupies the sections immediately dorsal to the hypoglossal nucleus (Fig. 3B ). The dorsal-most extent of the facial nucleus is present in these sections. Like the far dorsal zone, two sections for each mouse were contained within this zone. The intermediate zone is characterized by a significant thinning of the fourth ventricle compared with the far dorsal and dorsal zones, the solitary tract is thinner and shorter than seen in the dorsal zone, the rostral pole of the NTS extends further anteriorly than in the dorsal zone, the inferior cerebellar peduncle is wider than in the dorsal zone, and both the hypoglossal and facial nuclei are evident ( Fig. 3C ; facial nucleus not shown). Three sections were in the intermediate zone for each animal. The ventral zone is at the level ventral to the fourth ventricle, the NTS is less defined and narrow at its rostral extent, the ventral cochlear nucleus is apparent, and the inferior cerebellar peduncle is difficult to see. The hypoglossal and facial nuclei are clearly seen in this zone (Fig. 3D ). The remainder of sections with terminal field label (Ն4 sections) is located in this zone.
These landmarks were consistent between the two groups. To check for reliability, a person naive to previous assignment of sections into zones assigned sections for each animal into the four zones. With minor exceptions, the dorsal-ventral zone assignments among investigators were the same.
Statistical analysis
Terminal field volumes. The mean Ϯ SEM was calculated for the total CT, GSP, and IX nerve terminal field volumes, for their overlapping field volumes, and for terminal field volumes within the four defined dorsalventral zones. Comparisons were made for the volume of each nerve and overlap between OE and WT groups using independent-samples t tests. The Holm-Šídák step-down test was used to correct for multiple comparisons. We chose to start the step-down process with the unadjusted ␣ level at 0.05 (Holm, 1979) .
Density by dorsal-ventral zones. Density measures were not analyzed statistically, but were qualitatively examined through heat maps for each dorsal-ventral zone containing a 5 ϫ 10 (column ϫ row) grid.
Examination of terminal fields in coronal sections. The NTS from two OE (females, Ͼ90 d old) and two WT mice (females, Ͼ90 d old) were sectioned coronally on a vibratome at 50 m and imaged as described above. Coronal sections were used to examine the extent of terminal field expansion and overlapping fields in the NTS. No quantitative measurements were taken. Coronal sections were also imaged with transmitted light after confocal microscopy of the fluorescently labeled terminal fields to allow visualization of labeled chorda tympani nerve terminal fields in coronal sections.
Geniculate ganglion and petrosal ganglion cell number. All mice were at least 3 months old. The CT (OE, n ϭ 8: 4 males, 4 females; WT, n ϭ 4: 2 males, 2 females) or the GSP (OE: n ϭ 5, 2 males, 3 females; WT: n ϭ 5, 2 females, 3 males) nerve was labeled as described for the terminal field labeling procedure, with the exception that tetramethylrhodamine was chosen as the only tracer because it did not require further processing for visualization. This allowed us to image the entire intact ganglion, thereby allowing us to count all labeled cells. After cardiac perfusion, geniculate ganglia were removed and postfixed. Petrosal ganglia (OE: n ϭ 9, 6 males, 3 females; WT: n ϭ 4, 2 males, 2 females) were also labeled by way of the IX using the tetramethylrhodamine tracer and collected as described for the geniculate ganglia. Each intact ganglion was then placed between two coverslips and imaged on a scanning laser confocal microscope. Serial 2 m optical sections were taken throughout each ganglion, as described previously in rat (Shuler et al., 2004) . Cell number was determined using Neurolucida computer software (version 4.34; MicroBrightField), also as described previously (Shuler et al., 2004) .
Ganglion cell number was compared between OE and WT mice and analyzed using independent-samples t tests. As noted in the statistical description for terminal field analyses, the Holm-Šídák step-down test was used to correct for multiple comparisons of ganglion cell numbers. We chose to start the step-down process with the unadjusted ␣ level at 0.05 (Holm, 1979) .
CT nerve neurophysiology
All animals were at least 3 months old. Mice (WT; n ϭ 6: 3 male, 3 female; OE, n ϭ 6: 4 male, 2 female) were anesthetized as described for the "Fluorescent Anterograde Nerve Labeling" procedure. The animals were tracheotomized and placed on a circulating water heating pad to maintain body temperature. Hypoglossal nerves were transected bilaterally to prevent tongue movement and the mouse was placed in a nontraumatic head holder. The left CT was isolated using a mandibular approach. The nerve was exposed near the tympanic bulla, cut, desheathed, and positioned on a platinum electrode. A second electrode was placed in nearby muscle to serve as ground. Kwik-Sil was placed in the cavity around the nerve. Whole-nerve CT activity was fed to a Grass Instruments low impedance input stage amplifier and then led to a Grass Instruments P511 amplifier. The filtered signal was integrated (time constant, 1.0 s) and was led to and analyzed with PowerLab Scope software and A/D hardware (ADInstruments). Output of the PowerLab was fed to an audio monitor and to a computer monitor for monitoring activity.
Stimulation procedure. All chemicals were reagent grade and prepared in artificial saliva (Hellekant et al., 1985) . Neural responses were recorded to ascending concentrations series of 0.05, 0.1, 0.25, and 0.5 M NaCl, to 10, 20, and 50 mM citric acid, and then to 0.1, 0.25, 0.5 and 1.0 M sucrose. (Responses to quinine hydrochloride were not recorded because of low response magnitudes to relatively high stimulus concentrations.) Each concentration series was bracketed by applications of 0.5 M NH 4 Cl to monitor the stability of each preparation and for normalizing taste responses. Solutions were applied to the tongue in 5 ml aliquots with a syringe and allowed to remain to the tongue for ϳ20 s. We used this period of stimulation so that we could ensure enough of a period to measure steady-state responses. After each solution application, the tongue was rinsed with artificial saliva for Ն1 minute when the stimulus concentrations were high. This period allows for full recovery of neural responses (i.e., the responses were not adapted by previous responses; Shingai and Beidler, 1985) . CT responses were calculated as follows: the average voltage of the spontaneous activity that occurred for the second before stimulus onset was subtracted from the voltage that occurred from the period from the first to sixth second after stimulus application. Response magnitudes were then expressed as ratios relative to the mean of 0.5 M NH 4 Cl responses before and after stimulation. Whole nerve response data were retained for analysis only when 0.5 M NH 4 Cl responses that bracketed a concentration series varied by Ͻ10%. In addition, responses were recorded to the NaCl concentration series in the epithelial sodium channel blocker amiloride (50 M). Rinses during this series were to amiloride.
RT-PCR analysis of BDNF expression in tongue, palate, geniculate ganglion, and NTS
Tissue collection. To establish that the OE mice used here overexpressed BDNF at a higher level in the tongue than seen in WT mice, we used RT-PCR procedures similar to that of Huang and Krimm (2010) . Moreover, to test hypotheses relating BDNF overexpression to changes in terminal fields, we also examined BDNF expression levels in the posterior tongue, nasoincisor duct in the palate, geniculate ganglia, and the NTS in OE and WT mice (Fig. 1) .
The anterior 2/3 of fresh tongues from OE (n ϭ 3: 2 male, 1 female) and WT littermates (n ϭ 3: 2 males, 1 female) were collected and cut at the midline, rinsed with cold PBS, and then incubated in sterile dispase I-solution (BD Biosciences) for 60 min at 37°C. Epithelial sheets of the tongue were then peeled from the underlying mesenchyme and transferred into separate tubes containing RNAlater (Ambion) and then stored at Ϫ80°C until RNA extraction. Similarly, tissue that included the nasoincisor duct, foliate papillae, and circumvallate papillae (WT; n ϭ 3; 1 male, 2 female: OE; n ϭ 4; 2 males, 2 females) were collected and treated as described for anterior tongue. Fresh geniculate ganglia (WT, n ϭ 4: 2 males, 2 females; OE, n ϭ 6: 2 males, 4 females) and NTS (WT, n ϭ 6: 3 males, 3 females; OE, n ϭ 8: 4 males, 4 females) were dissected and stored in RNAlater until RNA extraction. All mice were at least 3 months old.
RNA extraction and measurement. Total RNA from oral epithelia, geniculate ganglia, and NTS, was extracted using RNeasy micro kit or RNeasy mini kit (Qiagen). Traces of DNA were eliminated in samples by treatment with DNase I. Total RNA was analyzed with Nanodrop 2000c (Thermo Scientific) and with RNA 6000 Pico/Nano Chip kits in a Bioanalyzer 2100 (Agilent Technologies). RNA integrity numbers (RINs) were used to estimate the RNA quality. Only RNA samples with RIN Ͼ8.0 were used. Reverse transcription was accomplished with 200U Superscript III Reverse Transcriptase (Invitrogen) and 50 ng of random hexamers (Invitrogen), all in a 25 l reaction volume. The same amount of RNA from control and OE mice was used. RNA was also treated in parallel in the absence of reverse transcriptase to examine for genomic DNA contamination.
PCR was performed by 7500 Fast Real-Time PCR System (Applied Biosystems) using the TaqMan Universal PCR kit (Applied Biosystems) and oligonucleotide primer/probe sets . TaqMan probes were labeled at the 5Ј end with a fluorescent reporter dye (FAM) and at the 3Ј-end with a quencher dye (TAMRA).
The sequences of primers and probes were as follows: for BDNF, forward primer, TGCAGGGGCATAGACAAAAGG; reverse primer, CT-TATGAATCGCCAGCCAATTCTC; probe, ACTGGAACTCGCAA TGCCGAACTACCCA; for GADPH, forward primer, CTGGGACGAC ATGGAGAAGATC; reverse primer, CAACCTGGTCCTCAGTGTAGC; probe, CGTGCCGCCTGGAGAAACCTGCC.
Real-time PCRs were performed in a 20 l total volume with 1 ϫ Master Mix 720/200 nM primer/probe sets. PCR efficiencies were determined by performing PCR with serial (10-fold) dilutions of cDNA in parallel. All samples were run in parallel with the housekeeping gene mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to normalize cDNA loading. Each assay was performed in triplicate. PCR was performed for 40 cycles at 95°C for 15 s and at 60°C for 1 min.
PCR analyses. For real-time PCR, the comparative 2 Ϫ⌬⌬CT method was used to determine the relative BDNF gene expression levels . The normalized expression of the BDNF was calculated as normalized expression ϭ (E BDNF ) target(control Ϫ sample)
⌬CT . E BDNF and E GAPDH represent the reaction efficiency of the respective gene, and ⌬CT is the cycle difference between the control and the sample.
Results

BDNF is overexpressed throughout the epithelia in OE mice
As expected, our RT-PCR data showed that BDNF expression in the anterior tongue of OE mice was significantly greater (581ϫ) than that in WT mice ( p Ͻ 0.0001; Fig. 4 ). This is consistent with previous reports of increased BDNF protein levels in OE mice (LeMaster et al., 1999) . We also found that BDNF expression in the nasoincisor duct, foliate, and circumvallate papillae were 348ϫ, 343ϫ, and 63ϫ, respectively, that found in WT mice ( p Ͻ 0.0001; Fig. 4 ). In contrast, the relative expression levels of BDNF for geniculate ganglia and for the gustatory region of the NTS did not differ by genotype ( p Ͼ 0.05; Fig. 4 ).
Total terminal field volumes in BDNF OE mice are larger compared with WT mice
With the exception of the labeled terminal field volume for IX and the overlap between IX and CT, the total amount of labeled terminal fields were significantly greater for each nerve and every combination of terminal field volume overlaps in OE mice compared with WT mice (Fig. 5 ; p Ͻ 0.05). The mean terminal field volumes for the CT, GSP, CT overlap with the GSP, IX overlap with the GSP, and the overlap among all three nerves in OE mice were 105%, 83%, 95%, 88%, and 110% greater, respectively, compared with means in WT mice (Fig. 5) . Although the IX terminal field volume in OE was 47% and the overlap between IX and CT was 100% greater than in WT controls, these differences were not significantly different, most likely because of the variance seen in OE mice for the IX label (Fig. 5) . The medians for the IX terminal field were 101.0 and 116.3 for the WT and OE group, respectively, further illustrating the similarity between groups.
Expansion of the terminal fields with increases in terminal field densities occur in all dorsal-ventral zones
To further examine the group-related differences in terminal field organization of the three nerves and their overlapping fields, we examined differences between OE and WT mice in the volume and density of label in each of the four zones described earlier.
Far dorsal zone
Volume: WT mice. The amount of terminal field label in this dorsal-most zone contained the least amount of label of all four zones in WT mice. Whereas all 6 WT mice had label in this zone, only the ventral-most section of the two 50 m sections comprising this zone contained label. There was relatively more IX label in this zone compared with CT and GSP label (Fig. 6A) . The relatively low amounts of CT and GSP label resulted in corre- spondingly smaller amounts of label where the nerves overlapped with other fields (Fig. 6A) .
Volume: OE mice. Of the six OE mice, five had label contained in the far dorsal zone, two with label in both 50 m sections. In contrast to WT mice, there were similar amounts of label for the IX, CT, and GSP, resulting in areas of overlap among the three nerves (Fig. 6A) . Compared with WT mice, OE mice had significantly more label ( p Ͻ 0.05) for the CT (10.2ϫ greater), GSP (4.7ϫ greater), and the overlap between the IX and CT nerve terminal fields (9.7ϫ greater) (Fig. 6A) . None of the other comparisons was significantly different.
Density. The densities of label are depicted in the heat maps shown in Figure 6 , B, D, F, and H. For brevity, we show only the heat maps for the three nerves (CT, GSP, IX) and the heat map for the triple overlap (CT with GSP with IX). The heat maps for all three nerves and the overlaps for WT and OE mice were normalized to the grid box with the highest label density from the eight fields. For example, in the far dorsal zone, the grid box with the highest density of label occurred for the IX label in OE mice (see white rectangle in Fig.  6B ). That value (192.8; total volume of terminal field label in a grid box/total volume for respective grid box ϫ 10 3 ) was used as 100% intensity and all other density measures in this zone (volume of terminal field label/volume of the NTS contained within the grid box ϫ 10 3 m 3 ) were made relative to it (see heat map scale in Fig. 6B) .
Density: WT mice. As a result of relatively more IX label in this zone (Fig. 6A) , the greatest density of IX label was contained in the rostral most portion of the NTS in WT mice (Fig. 6B) . The label for CT and GSP was also distributed in the rostral most portion of the NTS (Fig. 6B) .
Density: OE mice. The patterns of labels were similar between OE and WT mice for the three nerves and for the triple overlap of these nerves. However, as seen in Figure  6B , there are regions of high density for the IX, CT, and GSP label in the NTS in OE mice, which are not seen in WT mice. This reflects the large volume differences noted for the three nerves (Fig. 6A ). Figure 6B also shows that the label in OE mice extended more caudally and generally more medially than in WT mice. The densities were not as qualitatively different between groups for the triple label measures as seen for the terminal fields of the single nerves.
Dorsal zone
Volume: WT mice. There was more terminal field label in this zone for the three nerves and areas of overlap compared with label seen in the far dorsal zone (Fig. 6C ). All WT mice had label in this region. The IX label continued to be the most prevalent in this zone; however, significant amounts of CT and GSP label also occurred in WT mice ( Figs. 2A-C, 6C) . Moreover, there were corresponding fields of overlap for two-nerve overlaps and the triple overlap (Figs. 2D, 6C) .
Volume: OE mice. Similar to the label seen in the far dorsal zone, all three nerves had similar volumes of label in this zone (Fig. 6C) in OE mice, which was a much different pattern than that seen in WT mice. However, unlike the more dorsal zone, where the mean label for the three nerves was greater than in WT mice, none was significantly different from that seen in WT mice. The overlapping label between the CT and GSP and the triple overlap label were significantly greater in OE mice compared with WT mice (p Ͻ 0.05; 240% and 194%, respectively; Fig. 6C ). Density: WT mice. The shape of the label in WT mice for the dorsal zone extended more caudally in the NTS than seen in the far dorsal zone ( Fig. 2A-C) . As seen in Figure 6D , the densest portion of the label occurred in the rostral pole of the NTS. As predicted from the terminal field volumes, the IX terminal field had the greatest density of label compared with the other two nerves (Fig. 6D) .
Density: OE mice. Similar to the far dorsal region, the grid box with the densest label was for the IX label (white box in Fig. 6D) . However, as seen in Figure 6D , there are also regions of high density CT and GSP label in the NTS of OE mice, all of which are qualitatively denser and expand more in the NTS than in WT mice. Similarly, the triple overlap of all three nerves in OE mice appears denser and extends more caudally and laterally compared with WT mice (Figs. 2H, 6D ).
Intermediate zone
Volume: WT mice. Unlike the two more dorsal zones in WT mice, the CT and GSP made extensive projections into the intermediate zone, resulting in similar terminal field volumes among the three nerves (Fig. 6E) . The projection of all three nerves to the intermediate zone also contributed to substantial amounts of overlapping fields among the three nerves, most notably the relatively large amount of overlap between the CT and GSP (Figs. 2L, 6E) .
Volume: OE mice. The three nerves also made extensive projections into this zone in OE mice, with similar mean terminal field volumes. None of the terminal fields was significantly different from that in WT mice ( p Ͼ 0.05; Fig. 6E) .
Density: WT mice. There was a similar pattern of density distribution for CT and GSP label in WT mice, with the densest portions located primarily rostral and medial in the NTS (Figs.  2L, 6F ). This is reflected in densest regions of overlap among all three nerves.
Density: OE mice. The densest grid box in this zone was for the CT label (Fig. 6E) . This is unlike the more dorsal zones, where the IX label produced the densest projection. The pattern of labeling was similar among the CT, GSP, and the IX (also see triple overlap in Figs. 2P, 6F ). Although the location of the densest portion of the label was shared with WT mice (i.e., rostral and medial NTS), the label in OE mice extended beyond that seen in WT mice. The extension was primarily caudally and medially for the CT, IX, and triple overlap and caudally and laterally for the GSP (Fig. 6F ) .
Ventral zone
Volume: WT mice. The ventral zone received relatively more CT and GSP label than IX in WT mice (Figs. 2Q-S, 6G ). This was reflected in a relatively large proportion of CT and GSP label overlap and small amount of overlap between IX with GSP and IX with CT and a small amount of overlap among all three nerves (Figs. 2T, 6G) .
Volume: OE mice. The pattern of terminal field volume in OE mice was similar to that seen in WT mice; however, the means for the CT, GSP, and CT with GSP overlap were all significantly greater than in WT mice (Fig. 6G) . None of the other means was significantly different from in WT mice.
Density: WT mice. The pattern and the densities in the ventral zone were very similar for the CT and GSP in WT mice, with the densest regions in the rostral-medial portion of the NTS (Figs.  2Q,R, 6H) . The IX had a similar pattern of label in this zone, resulting in overlapping fields among all three nerves (Figs. 2S, 6H) .
Density: OE mice. Unlike the three more dorsal regions, the densest grid box for the ventral zone occurred in the GSP label (white box in Fig. 6H ). As noted for the volume measurements, where the means were very similar for the CT and GSP in OE mice, the density patterns appear similar between these two nerves (Fig. 6H ) . Moreover, the density of label for the CT and GSP was greater in many of the NTS regions compared with WT mice.
Summary
These results collectively show that there was a Ͼtwofold expansion in OE mice of the terminal fields of the CT and the GSP, which innervates anterior tongue and palatal taste buds, respectively. In contrast, the total amount of terminal field of the IX, which innervates taste buds on the posterior tongue, was not affected by the overexpression of BDNF. A detailed density analysis of four dorsal-ventral zones of terminal field label revealed that the location of the densest label in the NTS in each zone was similar between OE and WT mice and the basic shapes of the terminal fields were similar between groups. However, the overall amount of label in each zone and the spread of label appear greater in OE mice compared with WT mice. Figure 7 shows a summary model of the terminal field organization of the CT, GSP, and IX in the dorsal, intermediate and ventral zones in horizontal sections for WT and OE mice. All terminal fields (and overlapping fields) are generally larger in OE mice compared with WT mice in the fields throughout the NTS, although the general shape of the fields are similar for both groups (Fig. 7) . Figure 8 shows the terminal fields of the three nerves and their triple overlap in the coronal plane. The section shown in the figure is from dorsal-caudal regions of the NTS (Fig. 8 I, J ) to illustrate corresponding terminal field represented in the dorsal zone noted in Figures 2 and 6 . From the label seen in these two animals and confirmed in two additional animals, the amount of CT terminal field label and, to a lesser extent, the GSP terminal field label in OE mice extends more medially and laterally than in WT mice (Fig. 8) . This pattern is consistent with what is shown in Figure 6 , B, D, F, H.
Terminal field expansion in the coronal plane
The pattern of innervation that we see with CT in coronal sections through the NTS of WT mice is similar to that shown in much more detail by others (Bartel and Finger, 2013; Ganchrow et al., 2014) . 2009). Therefore, the neurotrophin made available in the targets of taste neurons likely plays a role as a chemoattractant for innervating neurons and ultimately determines the final number of innervating neurons and the matching of taste buds with the number of innervating sensory neurons (Nosrat and Olson, 1995; Nosrat et al., 1996; Mbiene and Mistretta, 1997; Krimm and Hill, 1998; Nosrat et al., 2001; Gross et al., 2003) . Given this role for BDNF, it is reasonable that more ganglion cells in OE mice could survive, thereby influencing terminal field organization.
Indeed, as predicted, the total numbers of geniculate ganglion cells in OE mice are 40% greater than that in WT mice ). However, this was a total count of all ganglion cells based on stereological measurements, and not counts of CT-, GSP-, or IX-identified neurons.
To more carefully test the hypothesis that group-related changes in terminal field organization can be explained by differences in nerve-specific ganglion cell numbers, we counted the cell soma of the CT and GSP (geniculate ganglion) and of the IX (petrosal ganglion) (Fig. 9 A, B ). There were no differences in IX, CT, or GSP mean numbers between WT and OE mice (Fig. 9C) . The mean ganglion cell number for the IX, CT, and GSP in OE mice was 104%, 95%, and 84% of the respective means in WT mice ( p Ͼ 0.05). Therefore, the larger fields cannot be explained by more neurons providing input into the NTS by way of more of them surviving developmental programmed cell death (Davies, 1994) .
Selective functional changes occur in whole nerve taste responses in the CT
Although the peripheral structural alterations induced by overexpression of BDNF have been well studied (LeMaster et al., 1999; Lopez and Krimm, 2006; Ma et al., 2009) , there is no information related to the functional consequences of this embryonic manipulation. Given the central structural alterations that we see here, a potential mechanism for the terminal field changes may result from alterations in taste responses. Indeed, activity-dependent mechanisms in shaping central morphologies have been well documented in other sensory systems (Hubel and Wiesel, 1970; Harris and Woolsey, 1981; Smith et al., 1983; Frazier and Brunjes, 1988) and are proposed in the developing gustatory system (May and Hill, 2006; Sollars et al., 2006) . To test the hypothesis that alterations in CT taste responses influence terminal field organization, we recorded tasteelicited activity from the whole CT. We chose to record taste responses from the CT because large changes in terminal field organization occurred for this nerve and peripheral taste responses have been studied more in this nerve than in the GSP and IX. Figure 10A shows the integrated whole nerve responses to a concentration series of NaCl and the standard response to 0.5 M NH 4 Cl in WT and OE mice. Although responses could be recorded to taste stimuli in OE mice, the magnitude of the whole nerve response was qualitatively less to all stimuli compared with WT mice. It was necessary to increase the amplification to obtain records similar to that shown in Figure 10A for all OE mice. This is a qualitative assessment and, unfortunately, there is no satisfactory way to compare absolute voltages of whole nerve taste responses among animals and between groups because of a number of factors, including potential differences in surgical influences and numbers of axons contacting the electrode (Beidler, 1953) . However, it is reasonable that the magnitude of the integrated taste response is less in OE mice because there are fewer taste buds in the anterior tongue compared with WT mice ( . Therefore, the sensory input to the nerves would likely be less in OE mice.
When normalized to the 0.5 M NH 4 Cl responses, many of the relative responses in OE mice were similar to those in WT mice; however, there was a selective alteration to one taste stimulus. The relative response magnitudes were similar to that seen in WT mice to a concentration series of NaCl before and after lingual application of the epithelial sodium channel blocker amiloride (Fig. 10B) . Amiloride was equally effective in attenuating the response to NaCl in both WT and OE mice (dotted lines in Fig.  10B ). There also were no group-related differences in relative taste responses to a concentration series of citric acid (Fig. 10C) . Surprisingly, the CT in OE mice responded with larger relative response magnitudes to all concentrations of sucrose, ranging from 2ϫ to 7ϫ larger than that in WT mice (0.2-1.0 M; Fig. 10D ; p Ͻ 0.05). This result is particularly interesting because other developmental and/or experimental manipulations that result in terminal field changes have corresponding functional relative taste response alterations primarily to NaCl (Hill and Przekop, 1988; Hill and Phillips, 1994; May and Hill, 2006; Sollars et al., 2006; Reddaway et al., 2012) . We must emphasize here that these are relative responses, so group-related differences in NH 4 Cl responses may also be present and would influence the relative response magnitude. It seems unlikely that NH 4 Cl responses differ significantly, however, because no changes occurred to the relative responses to other stimuli and, based on data from rat, the average absolute responses to NH 4 Cl from single neurons (number of action potentials/s) do not change with age, whereas absolute response magnitudes to other stimuli, including sucrose and NaCl, increase dramatically (Hill et al., 1982) .
Discussion
Targeted overexpression of the neurotrophin BDNF in oral epithelia, beginning embryonically, leads to a restructuring of the terminal field organization at the first central gustatory relay in the adult mouse. This was especially apparent for the CT, which has a significant BDNF-induced disruption in peripheral structures as well as a larger and denser terminal field in the brainstem than in WT mice.
Nerve selectivity of terminal field changes
The fundamental effect of BDNF overexpression on the peripheral gustatory system is an ϳ60% loss of fungiform taste buds during development and a disruption of targeting and branching patterns of the CT in the tongue (Lopez and Krimm, 2006; Zaidi et al., 2007) . CT axons invade filiform papillae, which are nongustatory structures, in addition to fungiform papillae (Lopez and Krimm, 2006) . The remaining fungiform taste buds in OE mice are hyperinnervated by CT neurons (Zaidi et al., 2007) and taste bud loss does not occur in posterior lingual taste buds .
We show here that the terminal fields are substantially reorganized for the CT and GSP, but not the IX terminal field (Figs. 2,  6 , 7). Following our hypothesis that BDNF-induced alterations in the peripheral target and in the peripheral limb of taste neurons produce alterations in the central limb of the same nerve, we predicted that the CT terminal field in OE mice would be altered and IX terminal field would be like that in WT mice. This is indeed what we found. A potential mechanism responsible for the presence of BDNF-related effects of reduced taste bud numbers in the anterior but not in the posterior tongue is that the human K14 promoter, used to drive overexpression of BDNF, is expressed progressively from anterior to posterior tongue. Based on studies using the same promoter in neurotrophin knock-out studies (Ma et al., 2009 ), K14 drives overexpression of BDNF initially in the basal epithelial layer of the anterior tongue (beginning at embryonic day 12.5) and only later in the posterior tongue. Therefore, the overexpression of BDNF occurs in the final stages of axonal guidance of the CT to anterior tongue taste buds (Lopez and Krimm, 2006), but after the period of initial IX nerve targeting to posterior tongue taste buds. The amount of overexpression in these tissues may also play a role. All taste bud fields in OE mice overexpress BDNF; however, the anterior tongue expresses ϳ2ϫ or more than seen in posterior fields (Fig. 4) . Moreover, based on neurophysiological recordings, the IX contains a much smaller percentage of taste-responsive neurons than the CT and GSP (Frank, 1968; Frank, 1991) . The IX carries significant tactile and temperature components (Frank, 1968) and is likely to be more sensitive to nerve growth factor (NGF) than to BDNF (Ichikawa and Helke, 1999) . Therefore, extensive branching of IX taste fibers in the NTS of OE mice may have occurred, but would be obscured by the large percentage of unaffected NGF-sensitive fibers.
The nerve that does not fit our hypothesis is the GSP. Changes in taste bud numbers were not evident in GSP-innervated taste buds ). However, we show here that the terminal field is expanded similar to the CT and that BDNF is highly overexpressed in the nasoincisor duct. This suggests that overexpression levels, and not altered taste bud numbers, may promote the enlarged GSP terminal field size. Unfortunately, the amount of peripheral branching of the GSP was not examined in previous reports, so it is unclear whether the peripheral limb of the GSP was reorganized as seen for the CT.
Postnatal refinement of terminal fields and OE mice
We propose that the group-related differences in size of terminal fields relate to the postnatal refinement of the fields. Based on findings from rat (Mangold and Hill, 2008) and preliminary work with WT mice (our unpublished data), CT, GSP, and IX terminal fields are large during early postnatal development and are then "pruned" within the first 3-4 weeks postnatally. In OE mice, we suggest that BDNF overexpression yields life-long extensive branching of CT and GSP axons because of a reduced (or lack of) axonal pruning. This is also proposed for rats with an embryonic dietary manipulation (Mangold and Hill, 2008) . The mechanism(s) responsible for this proposed failure to prune is not currently known. However, candidate mechanisms derived from other neural systems may operate here. An abundance of peripherally located BDNF may be transported anterogradely by way of taste neurons to their central terminals, ultimately maintaining (or producing) exuberant branching of CT and GSP axons in the NTS. Anterograde transport of BDNF by peripheral nerves occurs in other systems (Zhou and Rush, 1996; Conner et al., 1997; Altar and DiStefano, 1998; Fawcett et al., 1998; Tonra et al., 1998; Tonra, 1999) . Because BDNF drives branching of axonal arbors (Cohen-Cory and Fraser, 1995; Cohen-Cory, 1999; Danzer et al., 2002; Schmidt and Rathjen, 2010; Bilimoria and Bonni, 2013) , an increase of BDNF in the soma of CT and GSP neurons could sustain exuberant axonal branches. In addition, sensory neurons (e.g., dorsal root ganglion neurons) partially regulate BDNF release and sensitivity at their terminals by way of autocrine mechanisms (Acheson et al., 1995; Cheng et al., 2011) . Such a mechanism could act independently or in concert with a potential increase in BDNF in the nerves. All of these proposed mechanisms would predict higher levels of localized BDNF protein. In contrast, the BDNF message is not increased centrally (Fig. 4) . Other candidate mechanisms participating in the terminal field expansion include cellular processes downstream to BDNF processing and changes in numbers and affinities of BDNF receptors (i.e., TrkB) in OE mice.
Peripheral functional changes as they relate to BDNF overexpression One of the most unexpected outcomes of this study was the specific and large group-related increase in the relative responses in the CT to sucrose in OE mice. One explanation could be that there is a higher proportion of "sweet"-containing taste bud cells in OE mice, perhaps as a result of increased innervation. A candidate taste receptor cell would contain the G-protein Gustducin, which is involved in sweet, umami, and bitter taste (McLaughlin et al., 1992; . However, Zaidi et al. (2007) found no differences in the number of Gustducin cells between the two groups. Instead of changes in "sweet taste" cell numbers, the increased, abnormal innervation in OE mice could influence the distribution and proportion of T1R receptors that underlie sweet taste perception (Nelson et al., 2001; Spector and Travers, 2005; . For now, these hypotheses are only speculative.
Interestingly, BDNF knock-out mice show a blunted behavioral taste response to sucrose during preweaning ages (Nosrat et al., 1997) , suggesting that deletion of BDNF could result in decreased neural sensitivity to sucrose. Through a similar reasoning, overexpression yields a higher sensitivity and perhaps an augmented behavioral response. This sucrose-specific finding in OE mice provides a potentially novel functional action of BDNF in the taste system and may participate in determining distinctive membrane properties and excitability of embryonic geniculate ganglion neurons (Al-Hadlaq et al., 2003) . As noted earlier, interpretation of whole nerve responses must be made cautiously because they are relative responses.
There also appears to be more global changes in taste responses carried in the CT-a lower response magnitude to all taste stimuli compared with WT mice. The neural signal in all OE mice required a larger amount of amplification than in WT mice for clear integrated taste response records and likely reflects the decreased number of taste buds . The overall decreased afferent signal in the CT could reduce the amount of postnatal terminal field pruning, which is proposed to be dependent on taste-elicited activity (May and Hill, 2006) .
Potential central functional and behavioral effects of altered terminal field organization in the NTS
A potential downstream effect of altered taste responses and structural changes in terminal fields in the OE mouse is an altered sensory processing and coding of taste inputs. For example, given the enlarged field of overlap among all three nerves (Figs. 2, 6, 7, 8) , there is a potential group-related change in the afferent nerve message received by NTS neurons. That is, the change in terminal field along with a potential change in circuitry could lead to altered coding of taste quality and quantity in OE mice. The hypothesized altered functional organization of the NTS in OE mice could in turn lead to altered taste-related behaviors. Alternatively, the reorganized terminal field organization in OE mice may amplify the reduced afferent inputs that appear to be present at least in the CT. That is, the enlarged fields, and presumably increased numbers of synapses, could compensate for the decreased taste nerve activities.
In short, we show here that the mouse gustatory NTS is especially plastic and has features that make it an ideal system with which to study developmental processes related to nerve/target matching in the brain.
